The umbilical cord blood derived endothelial progenitor cells (EPCs) 
Introduction

Regenerative therapy represents an innovative treatment strategy that could address a large spectrum of chronic degenerative disorders. Validation of the cardiovascular regenerative potential of adult stem and progenitor cells is a prerequisite step towards
advancing cell therapy to patients suffering from ischaemic heart failure associated with myocardial infarction or congenital heart diseases [1] ; although still in its infancy, this challenge holds great promise for the future. # Both authors contributed equally to this work. [2] . Evidence exists that small populations of pluripotent stem cells are present in the UCB [3] [4] [5] , which are endowed with superior plasticity properties than bone marrowderived stem cells [6] . Several groups addressed the use of UCBderived stem cells for in vitro generation of endothelial progenitor cells (EPCs) [7] [8] [9] [10] . Studies performed in animal models of haematopoietic cell transplantation or vascular ischaemia have shown that transplanted UCB-derived stem/progenitor cells could participate to neovascularization [11] [12] [13] [14] , which is a prerequisite for improvement of ischaemic heart function [12, 13, 15, 16] . However, the idea that UCB cells can be used for cardiac replacement therapy upon differentiation into cardiomyocytes [17] [18] [19] has been controversial, as these cells failed to form contractile tissue in vivo [20] [21] [22] . Furthermore, in a myocardial infarction setting, transplanted UCB-derived mononuclear cells acted through paracrine mechanisms to modify remodelling rather than myocyte regeneration [21] . Therefore, development of UCB-derived stem cell therapies relying on neovascularization rather than myocyte differentiation, to improve impaired cardiac function following cardiomyocyte loss, deserves further attention. [23] . The multi-cellular in vitro models, such as monolayers of dissociated cardiomyocytes, used to study cellular integration into the cardiac tissue, do not preserve the in vivo structures [24] ; furthermore, the aggressive dissociation methods required to prepare isolated cell suspensions often affect the function of membrane ion channels and receptors with deterministic roles in cellular integration. Alternatively, both clinical and animal studies are too complex to reveal the mechanisms underlying the outcomes of cell transplantation [25] . Therefore, our group developed a novel multi-cellular model of living ventricular tissue slices with morphologically conserved structures, preserved cell-to-cell interactions and stable electrophysiological characteristics. Such ventricular tissue slices, derived from either embryonic [26] , neonatal [27] or adult [28] 
The umbilical cord blood (UCB) have been successfully applied for two decades to treat a variety of haematological disorders, and cord blood banks could provide now HLA-matched grafts for the majority of patients
Stem and progenitor cell integration and maturation are essential to achieve cardiovascular regeneration. Current knowledge of the mechanisms of adult stem cell integration into the cardiac tissue, mechanical coupling and physiological reconstitution is still incomplete. The investigations performed at the level of cell cultures have generated valuable data, but of limited relevance to predict the effects of in vivo transplantation
Materials and methods
Isolation and characterization of EPCs
Green fluorescent protein (GFP) transfection of EPCs
Generation of cocultures
Generation of cocultures in a funnel-shaped cavity-well system. 
Results
Characterization of EPCs
After ~10 days of stimulation with endothelial-differentiation growth factors, cultures of adherent UCB-derived mononuclear cells commence to form colonies with epithelial-like cobblestone morphology [ Fig. 2A(a and b) Fig. 2B(a-e) Fig. S1A(a, b) ] and upon incubation with ac-LDL, these cells incorporated the tracer [ Fig. S1B(a, b) (Fig. S2) . Immunocytochemical staining revealed the presence of the endothelial cell markers CD31, vWF and E-selectin [ Fig. S3(C, E and F) , respectively]; furthermore, the cells stained with anti-human nuclei [ Fig. S3(A.1, A [33] , GATA3, which regulates critical steps of differentiation during embryonic development [34] and GATA4 that regulates genes involved in embryogenesis and myocardial differentiation and function [35] (Fig. S4) . (Fig. S5) . (Fig. 3D) . (Fig. 5) . (Fig. 6A-F Fig. 6H and I (Fig. 7) .
Transfection of EPCs
To track and monitor the interaction between the EPCs and ventricular slices, the isolated cells were transfected with GFP before coculture. Quantification of the efficiency of cell transfection was 75%, as indicated by flow cytometry (data not shown). To investigate whether the transfection affected the functional properties of EPCs to form vascular tube-like structures, an in vitro vascular tubes formation assay on Matrigel was performed. We have found that, within 24 hrs of incubation, the GFP-transfected EPCs were able to assemble into organized capillary-like networks, indicating that the transfection did not affect their angiogenic capability
Interaction between EPCs and ventricular slices
To facilitate the assessment of vascular tube-like structures formation and cell integration, GFP-transfected EPCs were cocultured with living ventricular slices. By tracking of GFP-labelled cells we documented EPCs integration into the living slices starting on day 1 of coculture (Movie S5), as well as EPCs-associated vascular tube-like structures formation inside and outside of the ventricular slices
Immunohistochemical staining with anti-vWF and anti-nuclei antibodies, highly specific for human antigens, of serial ventricular sections generated from living cocultures, performed as early as day 6 of coculture, showed that EPCs became organized into vascular tube-like structures surrounding the ventricular slices and infiltrated into the depth of the living tissue
). Cell integration into the living ventricular slices was documented as late as day 14 of coculture (Fig. 6G). The results were confirmed by experiments in which antibodies to human CD31 were employed, showing that EPCs formed capillary network-like structures on the surface of and into the ventricular slices (
Fig. 3 Representative images for cocultures of living and ischaemic murine embryonic ventricular slices with human EPCs -day 6 of coculture. Vascular tube-like structures formation in living ventricular slice preparations as compared to control-murine living ventricular slices only (A); tube-like structures formed in living ventricular slice preparations (B.a) were stained with Hoechst (nuclei, red, false colour) and Calcein AM (living cells, green); merged image (B.b); optical sectioning was applied to generate a multi-focus image (B.c). No vascular tube-like structures formation was detected in ischaemic ventricular slice preparations (C) or in living ventricular slice preparations cultured in a transwell system (D); Carl Zeiss Axiovert 10 microscope and Sony
Electronics Digital Interface DFW-x700 camera system. [36] . Hence, we concluded that by injecting the fluorescent dye-labelled dextran, we stained tube-like structures presenting a lumen and not just single cells.
Fig. 4 Dynamics of living cocultures. A higher number of living ventricular slices cocultured with EPCs in the absence of growth factors (w/oGF) were beating and showed vascular tube-like structures formation, as compared to preparations cocultured in the presence of growth factors (wGF).
Discussion
Our results demonstrate that human EPCs derived from UCB mononuclear cells had the capacity to integrate and form vascular tube-like structures when in direct contact with living murine embryonic ventricular slices. In contact with ischaemic murine ventricular slices, EPCs integrated but failed to form vascular tube-like structures. EPCs integration and the formation of vascular-like structures in the ventricular slice preparations were assessed by GFP transfection, immunohistochemistry and histochemistry. Only a partial contribution of the GFP-positive EPCs to the vascular tube-like structures could be documented because GFP transfection was achieved with ~75% efficiency, it was transient, and the vascular tubes formed around day 3 of coculture. The experiments were therefore completed by histochemistry and immunohistochemistry employing highly specific anti-human antibodies, which proved the formation, the extent and the human origin of the vascular tube-like structures generated by EPCs upon contact with murine living ventricular slices. In addition, injection of TMR dextran dye directly into the tube-like structures indicated the existence of a lumen by showing the transport of the dye through the structures. Because of its high molecular weight and size, dextran cannot be transferred between cells over gap junctions
Although the paracrine factors secreted by EPCs were shown to be the major contributors to angiogenesis and tissue neovascularization [37, 38] , our data bring evidence that they are not the sole players. Although there is proof that hypoxia augmented growth factors secretion by EPCs [39] of viable cell-to-cell interactions between EPCs and the cardiac tissue; these interactions may be compulsory for the release of essential trophic factors that promote neovascularization [40] . It has been well documented that chronic exposure to hypoxia and oxidative stress inhibited the ability of UCB-derived EPCs to form vascular tubes in vitro in the absence of supporting stromal/fibroblastic cells [41, 42] ; furthermore, human dermal fibroblasts, capable of secreting essential growth factors and extracellular matrix components, provided a niche for vascular tubes development in vitro [43] . Taken together, these observations suggest that direct living cell-to-cell interactions and secretion of essential soluble factors by the living myocardium/cardiac matrix are necessary to promote vascular tubes formation within the cardiac niche.
In the randomized clinical trials of intracoronary bone marrowderived mononuclear cell therapy employed for the treatment of acute myocardial infarction [44, 45] [12, 13, 44, 45] [47] or cells isolated from brown adipose tissue [48] , resulted in improved cardiac regeneration effects. Therefore, the in vitro cardiac transplantation models used in this study could be further utilized for the investigation of synergistic cardiovascular repair effects induced by mixed cell types [42, 43, [47] [48] [49] [52, 53] . Although VEGF has been primarily identified as an endothelial cell specific growth factor stimulating angiogenesis [54] , IGF-1 supplementation might have up-regulated the expression of anti-angiogenic isoforms of VEGF [55] . Furthermore, the anti-angiogenic factors thrombospondin (TSP)-1 [56] and pigment epithelium-derived factor [37] [58] [59] [60] [61] . It has been well documented that mechanical stretch can induce signals that modulate endothelial cell invasion [62] and vascular remodelling [61] , mainly through matrix metalloproteinases and VEGF expression [58] [59] [60] [63] [64] [65] 
